Little is known about the iron efflux mechanism in adipocytes. Here, we used hephaestin (Heph) and ceruloplasmin (Cp) single-knockout (KO) mice and Heph/Cp double-KO mice to investigate the roles of multicopper ferroxidases (MCFs) in this process. We show that both HEPH and CP are expressed in subcutaneous adipose tissue. Ablation of either MCF leads to a compensatory increase in the other, which contributes to the balance of iron status. However, ablation of both MCFs together induces severe iron deposition in adipocytes which is associated with decreased adiponectin and leptin mRNA expression. Furthermore, Heph/Cp KO mice display disordered carbohydrate metabolism characterized as type 2 diabetes. Together, these results demonstrate the protective roles of HEPH and CP in preventing iron overload in adipocytes.
Iron is essential for many basic physiology processes but is toxic when present in excess [1] . A complex interplay among multiple iron-binding proteins, transporters, ferroxidases, ferrireductases, receptors, and regulatory systems permits the safe handling of iron in the body [2, 3] . Disruption of this finely tuned system can result in iron accumulation or iron deficiency and associated adverse effects [3, 4] .
Multicopper ferroxidases (MCFs) are known to play key roles in iron nutrition and homeostasis in organisms ranging from yeast to humans [5] . Three known vertebrate MCFs, ceruloplasmin (CP), hephaestin (HEPH), and zyklopen, are considered to facilitate iron efflux in concert with the membrane ferrous iron exporter ferroportin1 (FPN1) from diverse tissues by oxidizing ferrous iron to the ferric state [1, 6] . Despite their similar function, the three MCFs vary widely in tissue distribution.
HEPH is a membrane protein which is most strongly expressed in the small intestine, and accordingly, mice with global HEPH ablation exhibit severe iron deposition in the small intestine [7] . CP is largely recognized as a soluble serum protein derived from the liver, and individuals with mutations in the Cp gene (aceruloplasminemia) display a significant iron deposition in the liver [8] . Furthermore, CP has also been found as an adipokine expressed in the adipose tissue [9] . However, few studies have explored the roles of MCFs in the iron efflux process of the adipose tissue.
Iron overload is a risk factor for diabetes. Increased body iron stores in human have been found to predict the development of type 2 diabetes [10] [11] [12] , and mice fed with an iron-enriched diet (IED) were more likely to be associated with insulin resistance compared to mice fed with a standard diet [13, 14] . Although the Abbreviations CP, ceruloplasmin; FPN1, ferroportin1; HEPH, hephaestin; IED, iron-enriched diet; IL-1b, interleukin-1 beta; IL-6, interleukin-6; IRE, iron responsive element; KO, knockout; MCF, multicopper ferroxidase; PFA, paraformaldehyde; PPARg, peroxisome proliferator-activated receptor gamma; WT, wild-type. mechanism linking iron overload and type 2 diabetes is complicated, it could partly be attributed to the effects of iron on the adipose tissue [15] . This view was supported by the facts that IED mice displayed iron accumulation and decreased insulin signaling in the adipose tissue [14] , and that mice lacking the Fpn1 gene in the adipocyte displayed increased levels of adipocyte iron and insulin resistance [16] . Despite the important role of adipocyte iron status in the development of type 2 diabetes, the iron efflux mechanism in the adipose tissue has not been investigated extensively.
Therefore, the aim of our study is to investigate the roles of two MCFs, namely HEPH and CP, in the iron efflux process of the adipose tissue.
Materials and methods

Mouse models
All animal studies were carried out in accordance with NIH guidelines. All mice used in this study had a C57BL/ 6J genetic background. Heph knockout (KO), Cp KO, and wild-type (WT) mouse strains were originally obtained from the laboratory of Gregory Anderson (QIMR Berghofer Medical Research Institute, Brisbane, Qld, Australia) as previously described [17] . Heph KO mice were bred to Cp KO mice to generate homozygous Heph/Cp KO mice. Male mice at 6 months of age were used for all experiments.
Tissue collection and processing
Male mice were killed at 6 months of age. Blood was collected by cardiac puncture and the body was perfused with PBS via the heart. Liver and subcutaneous adipose tissues from the inguinal region were quickly removed, and whole blood was centrifuged to provide plasma. The samples were snap frozen in liquid nitrogen and then stored at À80°C until they were required for RNA, protein, and iron concentration analyses. Four mice of each genotype were perfused via the heart, first with PBS and then with 4% paraformaldehyde (PFA). The collected tissue was fixed in 4% PFA solution for Perl's Prussian blue staining.
Perl's Prussian blue staining
Perls' Prussian blue staining was performed as previously described [7] .
Measurement of tissue nonheme iron levels
The concentration of nonheme iron was measured using a microtiter plate reader as previously described [7] .
Western blotting
Protein lysates were obtained and subjected to western blot analysis as previously described [18] . The following primary antibodies were used: anti-CP (rabbit polyclonal antibody; 1 : 1000; Cat#AP7340a; Abgent, San Diego, CA, USA), anti-HEPH (rabbit polyclonal antibody raised against an N-terminal oligopeptide of HEPH; 1 : 1000) [19] , anti-ferritin light chain (mouse monoclonal antibody; 1 : 1000; Cat#sc-74513; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-b-tubulin (mouse monoclonal antibody; 1 : 5000; Cat#M20005; Abmart, Shanghai, China). Protein levels were quantified by densitometry using IMAGEJ software (National Institutes of Health, Bethesda, MD, USA).
Total RNA extraction and quantitative real-time PCR analysis
Total RNA from the tissue samples were isolated and reverse transcribed as previously described [17] . Real-time PCR was performed using FastStart Universal SYBR Green Master (Rox; Cat#04913914001; Roche Applied Science, Shanghai, China) in an Applied Biosystems 7300 Real-Time PCR System machine (Life Technologies, Shanghai, China) as per the manufacturer's instructions. The primer sequences used are listed in Table S1 .
Metabolic phenotype measurements
Fasting glucose was determined after 16 h of fasting for all the four genotypes of mice. One week later, a glucose tolerance test was performed for the WT and the Heph/ Cp KO mice by intraperitoneally injecting glucose (2 gÁkg À1 body weight) after 16 h of fasting blood glucose was measured before and 15, 30, 60, and 120 min after the injection. One week later, an insulin tolerance test was performed for the WT and the Heph/Cp KO mice by intraperitoneally injecting insulin (0.5 UÁkg À1 body weight) after 4 h of fasting, and blood glucose was measured before and 15, 30, 45, and 60 min after the injection. All blood samples were drawn from the tail vein and blood glucose was measured using a OneTouch UltraEasy Blood Glucose Monitoring System (LifeScan, Chesterbrook, PA, USA).
Plasma insulin measurement
Snap-frozen plasma was used to determine insulin levels with an ELISA (Mouse Insulin ELISA Kit; Cat#PI602; Beyotime Biotechnology, Shanghai, China). Data were collected using a Molecular Devices M3 instrument (Molecular Devices, San Jose, CA, USA) according to the manufacturer's instructions.
Statistical analysis
Data are shown as mean AE SEM using GRAPHPAD Prism 7 Software (GraphPad Software, San Diego, CA, USA). We used the unpaired Student's t-test to analyze the statistical significance for the datasets with only two independent groups, and one-way ANOVA followed by Tukey's test for multiple comparisons to analyze datasets with more than two groups. P < 0.05 was considered statistically significant.
Results
HEPH and CP protein and mRNA expressions in the adipose tissue
We first demonstrated that both HEPH and CP proteins were abundant in the adipose tissue of WT mice, and that no HEPH or CP protein was detected in the corresponding gene KO mice as expected (Fig. 1A) . HEPH protein level was significantly increased (250% of WT) in Cp KO mice, and CP protein expression was significantly increased (350% of WT) in Heph KO mice. Unlike the protein analysis, no significant differences were observed in Heph mRNA between Cp KO and WT mice or in Cp mRNA between Heph KO and WT mice (Fig. 1B) .
Loss of CP and HEPH induces iron overload in the adipocyte
To evaluate the effect of CP and HEPH ablation on iron status in the adipose tissue, ferritin protein expression and nonheme iron were determined ( Fig. 2A,B) . Heph/ Cp KO mice displayed the highest ferritin level and nonheme iron (300% and 700% of WT, respectively), significantly higher than the other models, while Cp KO mice and Heph KO mice displayed no differences with WT mice. To further detect the iron distribution in the adipose tissue, Perls' Prussian blue staining was performed (Fig. 2C) . At a lower magnification (4009), severe iron deposition was apparent in the adipose tissue of Heph/ Cp KO mice, but no iron was observed in the other models (Fig. 2C, top) . At higher magnification (10009), iron deposition was apparent in the adipocytes in Heph/ Cp KO mice, suggesting disrupted iron efflux from these cells (Fig. 2C, bottom) .
Iron-related gene and adipo-related gene mRNA expressions in the adipose tissue Fpn1[+iron responsive element (IRE)], Dmt1(+IRE), Tfrc, adiponectin, leptin, peroxisome proliferator-activated receptor gamma (PPARg), perilipin 1, interleukin-1 beta (IL-1b), and interleukin-6 (IL-6) mRNA levels in the adipose tissue were examined by quantitative realtime PCR (Fig. 3) . Fpn1(+IRE) mRNA was significantly increased (400% of WT), while Tfrc mRNA was significantly decreased (50% of WT, respectively) in Heph/Cp KO mice. No changes in Fpn1(+IRE) or Tfrc mRNAs were observed in Cp KO or Heph KO mice. However, Dmt1(+IRE) mRNA level was significantly decreased in all three MCF KO mice relative to WT control. Both Heph/Cp KO and Heph KO mice displayed the lowest level (40% of WT) of Dmt1(+IRE) mRNA, and a much higher level was observed in Cp KO mice (70% of WT). Furthermore, both adiponectin and leptin mRNAs were significantly declined in Heph/Cp KO mice (50% and 25% of WT, respectively), while no changes were observed in Cp KO mice or Heph KO mice. PPARg and perilipin 1 mRNA levels were not significantly changed in all three MCF KO models, but IL-1b and IL-6 mRNA levels were significantly increased (600% and 1200% of WT, respectively) in Heph/Cp KO mice.
Heph/Cp KO mice exhibited disordered carbohydrate metabolism characterized as type 2 diabetes
To investigate the impact of MCFs deficiency on carbohydrate metabolism, we first examined the fasting glucose levels in each of the mouse strains (Fig. 4A) . The fasting glucose level was significantly increased in Heph/Cp KO mice, achieving a blood concentration of 7 nanomoles per liter blood, while the levels in other models were only around 4 nanomoles per liter blood. Plasma insulin measurement revealed a slightly increase in the plasma insulin concentration of Heph/ Cp KO mice (135% of WT), which is statistically higher than the other models, indicating that the insulin secretion was not impaired in Heph/Cp KO mice (Fig. 4B) . Furthermore, glucose and insulin tolerance tests were performed in WT and Heph/Cp KO mice (Fig. 4C,D) . Both glucose and insulin tolerance were significantly impaired in Heph/Cp KO mice, suggestive of insulin resistance and type 2 diabetes.
Discussion
Hephaestin and CP are two well-known MCFs which are in charge of the iron efflux from the intestine and liver, respectively. However, there is increasing evidence that these two MCFs are also coexpressed in many tissues, such as retina, kidney, and brain [18, 20, 21] . Due to the similar function of these two MCFs, the phenotype of iron accumulation in these tissues could only be observed when both MCFs are KO. Accordingly, Heph/Cp KO mice developed retina degeneration and kidney injury at 6 months of age and ataxia and tremor by 9 months [18, 20, 21] . In addition, Heph/Cp KO mice were anemic and displayed significantly decreased plasma iron level [18] , and we observed significant weight loss in Heph/Cp KO mice (mean = 20.97 g) at 6 months of age compared with WT mice (mean = 30.58 g). Few studies have investigated the role of MCF in adipocyte iron efflux, although CP has been reported as an adipokine expressed in the adipose tissue [9] . Patients with aceruloplasminemia are considered to have increased susceptibility to late-onset diabetes mellitus [22] , but no study has linked it with the iron status in adipose tissue. In this study, we used western blot analysis to demonstrate that both CP and HEPH were expressed in the adipose tissue, and that ablation of either MCF led to a compensatory increase in the expression of the other (Fig. 1A) . The mutually compensatory property of these MCFs resulted in the protection of the adipose tissue against iron excess in both Heph KO mice and Cp KO mice, and this concept was further supported by the evidence that ablation of both MCFs induced severe iron deposition in the adipocyte ( Fig. 2A-C) . In contrast to the protein expressions, the mutually compensatory increase was not observed in the mRNA level (Fig. 1B) . We speculated that these mRNAs were regulated by the iron status in the adipose tissue. Since the iron statuses were normal in the adipose tissue of single KO models ( Fig. 2A-C) , there would be no particular drive to increase the cellular iron efflux. However, it remains unclear why there is a discrepancy in the mRNA and protein levels of these two MCFs.
Ceruloplasmin and HEPH are known to work in concert with FPN1 to facilitate efficient cellular iron efflux [1] , and FPN1 protein expression has been detected in the adipose tissue [16] . In the adipose tissue of Heph/Cp KO mice, Fpn1(+IRE) mRNA Values were corrected by GAPDH expression and normalized to WT mice. Data are shown as mean AE SEM. Bars without common letters are significantly different, P < 0.05, as determined by oneway ANOVA followed by Tukey's multiple comparisons test.
expression was significantly increased, suggestive of effort to excrete iron; in consistent with this, the decrease in Dmt1(+IRE) and Tfrc mRNAs suggests effort to limit iron absorption (Fig. 3) . In broad terms, these regulations were likely in response to the iron loading status in the adipocyte. Moreover, Fpn1 (+IRE) and Tfrc mRNAs did not alter in the adipose tissue of Heph KO or Cp KO mice, which were also in accordance with the normal iron statuses in these models. Of note, Dmt1(+IRE) mRNA was significantly decreased in both single KO models (Fig. 3) . The underlying mechanisms remained unknown, but these data suggest that the cellular iron status is not the only factor influencing the Dmt1(+IRE) mRNA expression in this tissue.
Iron is demonstrated to negatively regulate the adiponectin and leptin transcriptions via FOXO1 and cAMPresponsive element-binding protein activation, respectively [16, 23] . In the mouse model of hemochromatosis, lower adipocyte iron associated with higher serum adiponectin and leptin levels were observed. In contrast, adipocyte-specific loss of the iron export channel FPN1 resulted in adipocyte iron loading and decreased adiponectin and leptin expression [16, 23] . In our study, ablation of HEPH and CP also blocked the iron efflux from the adipocyte, resulting in iron accumulation. Therefore, a significant in adiponectin and leptin mRNAs was observed in Heph/Cp KO mice (Fig. 3) . Adiponectin and leptin are cytokines mainly secreted by the adipocyte. Adiponectin is an insulin-sensitizing adipokine, and mice lacking adiponectin displayed insulin resistance and glucose intolerance [24] . Leptin is a hormone responsible for regulating feeding behavior, and mice with leptin gene mutation (ob/ob mice) were obese and diabetic [25] . Given that the adiponectin and leptin mRNAs were significantly decreased in the adipose tissue of Heph/Cp KO mice, it is very likely that the carbohydrate metabolism in Heph/Cp KO mice would be disrupted. As expected, we observed significantly increased fasting glucose level and impaired glucose and insulin tolerance in Heph/Cp KO mice (Fig. 4A,C,D) .
PPARg and perilipin 1 are two important genes related to adipogenesis and adipolysis, but no significant changes were observed in the expression of these two genes in Heph/Cp KO mice (Fig. 3) , implying that adipocyte iron overload might have little effect on adipogenesis and adipolysis. Previous study has shown that adipocyte iron overload is associated with inflammation and insulin resistance [26] . Consistent with this, IL-1b and IL-6 mRNA levels were significantly increased in the adipose tissue of Heph/Cp KO mice (Fig. 3) , indicating the inflammatory state. Furthermore, the inflammation in adipocyte could also contribute to the insulin resistance in Heph/Cp KO mice [27, 28] .
Finally, considering that the mouse models we used are globally KO, the effect of MCFs deficiency on organs other than the adipose tissue cannot be ruled out. However, it seems that ablation of both MCFs had little effect on the endocrine pancreas, because the insulin secretion was basically not impaired in Heph/ Cp KO mice, as demonstrated by the plasma insulin measurement (Fig. 4B) . Furthermore, the insulin tolerance test also indicated that insulin resistance was the primary cause of the diabetes in Heph/Cp KO mice (Fig. 4D) . Hepatic iron overload could be associated with insulin resistance [29] , and CP deficiency could lead to severe iron deposition in the liver [8] . However, we demonstrated that both Cp KO mice and Heph/Cp KO mice displayed severe hepatic iron accumulation and inflammatory state (Fig. S1 ) while disordered carbohydrate metabolism was only found in Heph/Cp KO mice. Therefore, we reasoned that the adipose tissue played particularly an important role in determining the Heph/Cp KO phenotype. For panels A and B, bars without common letters differ, P < 0.05, as determined by one-way ANOVA followed by Tukey's multiple comparisons test. For panels C and D, significance was calculated using unpaired Student's ttest. *P < 0.05.
In conclusion, our experiments revealed the important and mutually compensatory roles of HEPH and CP in facilitating iron efflux from the adipocyte, highlighting that the disorder of iron status in the adipocyte could greatly contribute to the development of type 2 diabetes.
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